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Abstract— An improved open-ended coaxial line resonator method for 
measuring the complex permittivity of biological substances is presented. 
By considering the end radiation losses and higher order mode effects, the 
upper frequency limit is extended from 4 GHz to 11 GHz. A novel X/4 
open-ended coaxial line resonator, which uses a thin copper diaphragm for 
a coupling structure, was developed. Experiments show that the structure is 
ver> flexible, convenient, and reliable. Experimental results for several 
canine organs as well as human skin are given. The method has useful 
applications to microwave medicine and bioelectromagnetic studies. 

I. Introduction 

STUDIES OF the microwave and radio-frequency prop- 
erties of biological substances date back to the 1950's 
or earlier. Knowledge of their properties, as well as the 
frequency and temperature dependence, is of great impor- 
tance in both basic and applied research, such as investiga- 
tions of the interaction mechanisms of electromagnetic 
fields with biological systems, absorption of biological 
tissues in electromagnetic fields, maximum permissible 
levels (MPL's) of microwave and radio-frequency radia- 
tion, and heating distribution in microwave diagnostics. In 
the last 20 years, increasing interest in this field has led to 
a need for more accurate data on the permittivity of 
biological materials, especially in vivo data. It is apparent 
that the development of appropriate measurement tech- 
niques suitable for wide frequency band coverage has 
become an important task in bioelectromagnetics. 

Coaxial line sensors have come into wide use in measur- 
ing the dielectric properties of biomaterials. However, until 
recently both reflection and resonator methods were re- 
stricted to the frequency range below 4 GHz [1], [2] 
because of the influences of radiation losses and higher 
order modes at the open end of the coaxial line. 

We have analyzed these influences and expressed these 
concisely in another paper [3]. The influence of radiation 
losses can be expressed as a conductance, which has been 
derived as a polynomial; the effect of higher order rnodes 
is attributed to the variation of fringe capacitance at the 
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open end of the coaxial line. The results show that the 
capacitance is a function of frequency. In this paper, a 
more extensive description of the resonator method is 
presented. Selected biological tissues and phantom muscle 
are measured in the frequency range 0.1-11 GHz.. The 
results are in good agreement with the published data. 

II. Principle of Measurement 

A. Equivalent Circuit 

Fig. 1 shows an open-ended coaxial line resonator. The 
sample to be tested is placed in contact with the open end 
of the line. Fig. 2 shows the equivalent circuit; C(f), C f 
represent the field concentrations in region 2 and region 1, 
respectively. G(e) is a conductance representing the radia- 
tion losses in the dielectric sample. For a lossy medium, 
both C(0 and G(e) are complex values. AC is the cou- 
pling capacitance of the air gap at the inner conductor and 
L rJ C„ and G r are the equivalent resonator parameters in 
the unloaded condition. 

When region 2 in Fig. 1 is free space, the parameter 
G(e 0 ) and B =» uC(t Q ) can be calculated using the follow- 
ing formulas given by Marcuvitz [4]: 

In a/b Jo sin 9 1 ov ' 

-J 0 (kbsine)] 2 dO (1) 

* /y °-I^/o1 2 ^ . 

-Si(2^sin|)-Si(2^sin|)]t/<p (2) 

where J 0 {x) is the Bessel function, Si{x) is the sinusoidal 
integral, and k denotes 2tt/X. 

Expanding / o (sin0) into a Maclaurin series and in- 
tegrating gives 

•[G 1 (/ 4 ) + G 2 (/«) + G 3 (/') + G 4 (/ 1 «»)+...] 

(3) 
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Fig. 1 A coaxial line resonator terminated with sample. 
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Fig. 2. Equivalent circuit of the resonator. 
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Gt(/ 4 ) = j(a 2 -& 2 ) 2 £ 
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and 
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f=v 0 /\. 

Considering the influences of higher order modes and 
using a variational method, the fringe capacitance can be 
expressed as follows: 

Cp(/)-C ro + AC 0 / J + AC 1 / 4 +... (5) 

where Qq represents the static fringe capacitance and 
ACo,AC|, • • • are coefficients, which depend on the line 
dimensions. 

If region 2 is filled with a dielectric material, the open- 
ended coaxial line can be considered as an antenna. 
According to the Deschampes theorem, the input admit- 
tance of the antenna is given by 

y(«,cc 0 ) «i/?y(\fo*,< 0 ) -g(0+ y«c(c) (6) 

where 

C?(c) = c 5 / 2 G l (/ 4 ) + € 7 / 2 G 2 (/ 6 ) + € 9 / 2 G 3 (/ 8 ) 

+ c 11 / 2 <? 4 (/ 10 )+.-. (7) 
C(c) - cCoo + AC/ 2 / 2 + AC!* 4 / 4 + • • ■ 

= cCoo + AC 0 € 2 / 2 . (8) 

Equations (7) and (8) give the expressions for radiation 
conductance G and fringe capacitance C as a function of 



frequency and the complex permittivity of material to be 
tested. It has been shown that good accuracy can be 
obtained using only two terms in the computation of C(e) 
[Eq, (8)]. To illustrate the accuracy of (7), we cite the 
following .data. For the case of t r = 80, / = 12.4 GHz, and 
a 6.4-mm-diameter line, using the first seven terms in (7) 
gives an error in G(Z) of less than 10 percent. For a 
3.2-mm line, the error is less than 4.5 percent using the 
first three terms. In another case, if c, = 3, / = 12.4 GHz, 
the error for a 6.4-mm line using the first three terms is 
less than 5 percent, and for a 3.2-mm line using the first 
term is less than 2 percent. 

B. Principle of Measurement 

If region 2 is free space, the radiation losses and higher 
order mode effects can be neglected. The resonant condi- 
tion of the resonator is then given by 

Y 0i ctMPoKtt)=<>o{Co + C f ). (9) 

Solving for / cfI , the effective length of the resonator, gives 



'cff 1 



00 



( 


r y i 







(10) 



where w 0 is the resonant frequency, A) 53 2,r W*7Ao> and 
n is the mode number TEM,,, which can be determined by 
measuring two adjacent resonant frequencies of the reso- 
nator. The quality factor is expressed as 



«oC,o 



(11) 



where C e0 and G e0 are the total capacitance and conduc- 
tance of the resonant circuit when it resonates at w 0 . 

If region 2 is filled with a dielectric material with 
c = c,(l - j tan 5), assume that the resonant frequency and 
the quality factor are u x and Q lt respectively. The radia- 
tion conductance and the fringe capacitance expressed by 
(7) and (8) can be rewritten as 

G(i) - C?,(/ 4 )«va + G 2 (f<)t"> + (? 3 (/ 8 )^ 2 + • . .' 

. =8-jP (12) 

B{i) - Wl C(c) = 0,(0/+ AQA 2 ? 2 ) 

^coJCoo^ + AQ/^l-tan^)] 
-yw 1 (C O0fr tan6+2AC o / l 2 € 2 tanfi). (13) 
Similarly, the resonant condition is given by 
r ol ctan(Mff) 

-«i[^+AQ/ l V(l-taii a *) + CV r ]--p (14) 



so 



(15) 



= Y m c tan/y eff ±P C f + AC 0 /fr?(l - tan 2 g) 
w iQo Qo 
The loss tangent of the material can be found from the 
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following equations: 

/ 1 1 1 
tanfi = fc ----- 

\ Ql Qa Qr 

where the quality factor Q x is given by 



and 



Qa° 



(cAo + 2AQ/#) 



Qr" 



(16) 

(17) 

(18) 
(19) 
(20) 



where C rf and G rf are total capacitance and conductance 
of the resonant circuit when the sensor is surrounded with 
dielectric material and resonates at the frequency u) v 
Therefore, c r and tan 8 can be determined from the mea- 
surable quantities using (15) and (16). 

III. Measurement Technique 

A. Resonator and Coupling Structure 

A A/2 coaxial line resonator has been described by 
Tanabe and Joines [2], By breaking the center conductor of 
the coaxial line, an air gap was formed and the energy is 
coupled through this gap (see Fig. 1). A coupling capaci- 
tance AC was introduced in the equivalent circuit (see Fig, 
2). In this paper, we designed a A/4 coaxial line resonator. 
A 3.2-mm line is used and the coupling structure is formed 
by a thin copper diaphragm, which is sandwiched between 
the two joint interfaces of an APC-7 connector (Fig. 3). 
The connector connects the sensor to the measurement 
system. By changing the shape and the size of the di- 
aphragm, we can achieve different coupling factors. The 
presence of the diaphragm gives rise to magnetic energy 
storage in the vicinity of the diaphragm. It is equivalent to 
a shunt inductive reactance A L in the equivalent circuit. 
The effect of AC or AL is to elongate or shorten the length 
of the resonator. We have introduced the term "effective 
length" in (10) to account for this effect. Results of three 
reference samples using three different diaphragm shapes 
are given in Table I. It shows that the shape of the 
diaphragm has almost no influence on the measurement 
results of c r and tan 8. Experiment shows that this cou- 
pling structure is very flexible, convenient, and reliable. 

2?. Measurement Equipment 

The equipment used in the measurement is shown in 
Fig. 4. A network analyzer is used to indicate resonance 
and half power frequency points. Frequency is measured 
using a frequency counter. 

Because the resonator acts in the strong coupling state, 
the unloaded Q factor is strongly dependent on the cou- 
pling factor k\ The coupling factor can be determined by 





Fig. 3 Figure of the coupling structure. 



TABLE I 

Comparison of Measured Results Obtained by Using Three 
Deferent Coupling Structures 
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Fig. 4. Experimental arrangement 

measuring the standing wave ratio p 0 at the resonant 
frequency: 



\i+V 



(strong coupling) 
l/p 0 (weak coupling) . 



(21) 



In order to measure the higher loss materials, the reso- 
nator should be nearly critically coupled. 

C. Measurement of C 0 , C f , and AC Q 

C 0 and Cf can be measured using either of two methods 
[1]. In the first method, the capacitances are determined 
from the input reflection coefficient when dielectrics with 
well-known properties are in contact with the sensor. In 
the second method, a coaxial line resonator is formed and 
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TABLE II 

Fringe Capacitances of Coaxial Lines with Diameters of 
' 6.4 mm and 3.2 mm 



TABLE III 
Measurement Results of Doo Tissues 



Diameter ' 
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0,0001 



by measuring the resonant frequency, the capacitances can 
be determined. 

We used the second method in this paper. When the 
resonator end is open- and short-circuited, respectively, the 
total capacitance in (?), Ct^Cq + Cj; can be determined 
from the measured resonant frequencies. If the measure- 
ments are perf ormpd for the open line as well as terminated 
by a known dieleptric, C 0 and C f can be separated from 
the measured capacitance C r . In order to determine the 
AC 0 , we measured the total capacitances C r at two differ- 
ent frequencies J l% f 2 - and from (8) obtain. 



AC 0 = 



Cr(/i)-Cr(A) 



(22) 



The two frequencies f v and / 2 must be separated as far 
as possible in order fo increase the accuracy of; AC 0 . By 
using mercury we can achieve a good short circuit; and 
thereby obtain a sufficiently accurate measure of the total 
capacitance C r . 

Table II shows the measured capacitances of two coaxial 
lines with diameters of 6.4 mm and 3.2 mm at 8.99 GHz. 
Teflon was used as the reference sample. • 

TV. Measurement Results 

Seven, organs of a dog, i.e., muscle, skin,, liver, kidney, 
heart, and gray matter and white matter of the brain, were 
measured in .vitro. Hie samples were surgically prepared 
and immersed in salihe solution. All measurements, were 
finished within 12 hours, the room temperature was Con- 
trolled ^ithin : 20± 1°C. The sample surface was larger 
than 10x10 mm? and the thickhcss was oviei 5 mm. 

Results of. mea^urernents in the IJHF to Jlf-band 
frequency range, are given in Table III. It shows that the 
measured results Sagree well with the reference data [5], [6]. 
Fig: 5 shows the results for. inuscle as a function of 
frequency (see also Table III). The results fot phantom 
muscle are also given (table IV). 

table V gives! a comparison pf measured results with 
published data for some dielectric materia. It can be seeii 
that for high-loss dielectric materials, the measured- values 
of loss, tangent are close to the published data, Hence the 
method is suitable for biological materials;. However, for 
low-loss materials, the differences are large, this is because 
of inadequate resolution of. the quality factor. We mea- 
sured the dielectric properties of human skin (hand dorsum) 
and compared these results with the data giyen by Sotiwan 
and by Tahabe XFig: .6). It shows that in . the frequency 
range below 4 GHz, the results obtained frp'm tanabe's 
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TABLE IV 

Measurement Results of Phantom Muscle 
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Fig. 5. Dielectric properties of dog muscle as a function of frequency. 

method and the method presented in this paper agree well 
with the curve given by Schwan. In the frequency range 
4-11 GHz, there are significant errors in the conductivity 
data of Tahabe tad Joines due to their neglect of. radiation 
loSseb and higher order mode effects. After improving on 
Tanabe's method, we have, obtained much better agree- 
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TABLE V 

Comparison of Measured Data from Several Materials 
with Published Data 
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Fig. 6. 
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Dielectric properties of human skin. 



merit with Schwan's data, tanabe and Joines estimated 
that with the achievable resolution of resonant frequency 
and Q factor, c r can be determined with an accuracy 
within 5 percent and tan 5 within 25 percent in the 
frequency range below 4 GHz. In this paper, the computa- 
tion formula is more accurate than that used by Tanabe 
and Joines [2], So, even though the measurement frequency 
range is extended to A^-band, relative errors of A« r /c r < 5 
percent and Atanfi/tanS < 25 percent (for medium and 
high-loss materials) should still be obtainable. 

V. Conclusion 

The improved open-ended coaxial line resonator method 
has many advantages. By considering the influences of 
radiation losses and higher order modes, the measurement 
frequency range was successfully extended to X-band. A 
thin copper diaphragm coupling structure was developed. 
Its performance is excellent and reliable. Using this tech- 
nique, data were presented on the dielectric properties of 
seven organs of a dog in the frequency range 0.1-11 GHz. 
Such data should find use in microwave medicine, bibelec- 
tromagnetics, and other fields. 
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